We give a detailed renormalization group analysis for the SU(16) grandunified group with general breaking chains in which quarks and leptons transform separately at intermediate energies. Our analysis includes the effects of Higgs bosons. We show that the grandunification scale could be as low as ∼ 10 8.5 GeV and give examples where new physics could exist at relatively low energy (∼ 250 GeV). We consider proton decay in this model and show that it is consistent with a low grandunification scale. We also discuss the possible generation of a neutrino magnetic moment in the range of 10 −11 to 10 −10 µ B with a very small mass by the breaking of the embedded SU(2) ν symmetry at a low energy.
I. INTRODUCTION
Recent treatments of the SU(15) grandunification group [1] [2] [3] [4] [5] have shown that in the versions of that model which produce "ununified models" [6] at intermediate energies, grandunification may be reached at a relatively low energy and that the lowest intermediate scale may be within the reach of the Superconducting Super Collider (SSC). It has also been shown recently that the effects of Higgs bosons in the renormalization group equations of SU (15) models are quite large [4] . In the literature, there is also some discussion of the gauge group SU (16) [7] , which has some desirable features that are not found in SU(15) models. Among these are seperate gauging of baryon and lepton number [7] and the embedding of Voloshin symmetry [8, 9 ] SU(2) ν which might play an important role in the solar neutrino puzzle [10, 11] . In this paper, we will analyze the renormalization group equations (RGE's) of the SU(16) grandunification model with breaking chains in which quarks and leptons transform separately at intermediate energies. We will include the effects of Higgs bosons, which are significant, and use the newest LEP data for couplings at low energy. We give this analysis in Section II.
In the SU(16) model, all known left-handed fermions of a single generation together with a left-handed antineutrino transform like the fundamental representation of the gauge group.
i.e. Ψ eL ≡ ν e ν e e − e + u 1 u 2
Another reason for examining the SU(16) model is to implement the suggestion of a previous paper [9] which points out that this group contains the subgroup SU(4) l , in which the left-handed leptons including an antineutrino transform as the fundamental representation. Further, SU(4) l contains Voloshin symmetry which allows for the magnetic moment of the neutrino to be in the range of 10 −11 to 10 −10 µ B and at the same time allowing only a small neutrino mass [9, 14, 15] . Magnetic moment in this range might be required [16] if the anticorrelation [11] of solar neutrino flux with sun spot number is confirmed. We shall discuss the implementation in detail in Section IV.
II. SU(16) BREAKING SCHEME AND RG ANALYSIS
In Fig. 1 , we show the symmetry breaking scheme of our model. The purpose of our scheme is to have the leptonic sector transform separately from the quark sector at intermediate energies and to have the leptonic sector SU(4) l break in the same manner as in the previous SU(4) l based model [9] . In the figure, we show the representations of the Higgs fields used to break symmetries at their indicated mass scales. We use the hypothesis of minimal fine-tuning [17] , which allows us to choose the mass scales of submultiplets of these fields at different scales. We are interested in scenarios where an intermediate gauge group
exists at energies of the order of 1 TeV so that we shall have new physics at observable energies. We will show in this section that such scenarios are consistent with renormalization group analysis.
In the one-loop approximation, couplings α i = g 2 i /4π evolve as
For the standard model couplings α 1Y , α 2L , and α 3c , we use the conventional normalization which determines the relations 
Here, f is the number of fundamentals of the subgroup per generation in the 16 of Eq. (1.1).
To be explicit, for the SU(2) qL group f = 3, for the SU(3) qL group f = 2, and for all other intermediate groups and the SU(16) group f = 1. The above equations for B i hold for SU(N) gauge groups and with N = 0 hold for U(1) gauge groups. In the second terms, n g , the number of fermion generations, is multiplied with a factor of two to account for mirror fermions. This term does not affect the scales of symmetry breaking. In the third terms, T (S i ) is the quadradic Casimir invariant for all Higgs submultiplets with masses less than the scale of interest. For a complex field, the value of T (S i ) should be doubled.
With the above normalizations, the U(1) generators that enter our symmetry breaking pattern (see Fig. 1 ) are as follows:
5)
8)
9)
In these equations, notation of the form a (b) stands for b successive entries of a. For example, "1 (6) " stands for "1,1,1,1,1,1." The ordering is the same as in Eq. (1.1).
The breaking scheme shown in Fig. 1 has the following boundary conditions at the breaking scales M i :
1Λq (M 6R ) ; (2.14)
In writing Eq. (2.17), we have used the fact that in the group SU(3) l there is a generator
which is broken at the scale M 3l . At the same scale U(1) lX also breaks, leaving unbroken the combination
In deriving Eq. (2.18) for the breakings at the scale M Y , we have used similar considerations.
In particular, SU(3) qL , which has the two diagonal generators
breaks, as does SU (3) qR , which has the two diagonal generators
leaving unbroken SU(3) c which has the two diagonal generators
Similarly, SU(2) qL with the diagonal generator
and SU (2) lL with the diagonal generator
are broken, leaving SU(2) L unbroken with the diagonal generator
Now, using
the one-loop equations and boundary conditions give us the following equations for the standard model couplings:
For the couplings at M Z we use the experimental values [18] 
The B i 's are determined by Eq. (2.3) and Eq. (2.4) with the T (S i )'s being determined by the Higgs structure given in Fig. 1 along with the principal of minimal fine-tuning. We note that to impliment the suggestion of ref. [9] an additional rank-2 antisymmetric tensor is to be included. However, this Higgs field has little effect on the RGE's and is not included in the analysis of this section. Now, the above equations for the standard model couplings can be solved silmutaneously in terms of n G and n 12 to obtain
We note that Higgs fields make significant contributions to the above equations. From the structure of the above equations, we see that n 4l and n 6R being relatively high helps to meet the requirement n G ≥ n 12 . In fact, no solution with low n 4l is found to be acceptable.
We are further interested in seeing that it is possible to have new physics, including breaking the Voloshin symmetry, at less than 1 TeV. Since our lowest intermediate stage,
which contains the Voloshin symmetry, is broken at M 3l , we are interested in n 3l < ∼ 3. So as to investigate this possibility, we make the simplification
This yields has M Y = M 3l is graphed in Fig. 2 for the allowed region where
GeV. This gives the range of unification scale to be 10
We also investigate another possible solution where We graph this case in Fig. 3 . Note that M G can be as low as 10 8.5 GeV. In fact, from the constraint M 12 ≥ M 3l , we note from Fig. 3 that the unification scale has to be smaller than to mediate a lot of processes [3] . Direct production of these gauge bosons at the SSC will also provide exciting physics, some of which has been discussed in the context of SU (15) models [2, 19] . The lowest order effective operators for proton decay involve four fermionic fields [5] .
From the discussion above, we find two SU(16)-invariant effective operators which can induce proton decay [20] . These are
Here,
CΨ l , where C is the conjugation matrix for fermions.
Typical diagrams generating O 1 and O 2 are shown in Fig. 4 and Fig. 5 , respectively.
In Fig. 4 , Φ uû gets a VEV. In determining the RGE's, we only gave a VEV to the Φ 
Here, the quantity m f is the mass of a typical fermion, and comes from the Yukawa couplings.
Antisymmetry of B klr and fermion indices require use of second generation fermions [5] .
Therefore, we use m f ≃ 100 MeV. Also, λ BΦ , λ BB , and λ denote the scalar couplings. We have assumed that all virtual colored scalars have masses of order M G , the largest scale of this model. The mass scales in the numerator are the scales of the VEV's. Making a rough estimate, we have neglected factors of gauge coupling constants.
Known bounds on proton lifetime imply
If we use the above constraint with M B ∼ M G , which can be seen to be true from Section II, and assume λ BΦ , λ BB , and λ are ∼ 1, then we find the constraints It is important to note that the decay modes of the proton obtained from the operators O 1 and O 2 are different from the predictions of standard SU(5) or SO(10) grandunification models. In O 1 , the indices k, l are antisymmetrized and so are m, n. Thus, the quark level operator for proton decay [5] arising from it isûŝûµ + . This gives rise to the decay mode
On the other hand, in O 2 , the quark level operator isûŝdν, where the neutrino can belong to any generation since the indices m, n are not necessarily antisymmetric for this operator. Thus, we expect a decay mode p → K +ν . Note that both operators give rise to B − L conserving decays.
IV. NEUTRINO MAGNETIC MOMENT
We now discuss generation of a sizeable magnetic moment for the neutrino. The most general Yukawa couplings of the model are given by
Here, Latin indices refer to the generation. Φ is the symmetric 136-dimensional rank-2 SU(16) tensor representation, whose couplings in the generation space are chosen diagonal without loss of generality. The additional multiplet ϕ is a 120-dimensional antisymmetric rank-2 tensor, so its coupling f ab is antisymmetric in its generation indices. This field is put into the model to generate a magnetic moment for the neutrino. Since quarks play no role in the magnetic moment of the neutrino, we focus our attention on the leptonic part of the interactions.
Φ is the Higgs field which breaks SU(3)
In the leptonic sector we assume only Φ 34 gets a VEV [9] . This VEV gives masses to charged leptons, but not to neutrinos. The multiplet ϕ, on the other hand, is assumed to have no VEV [9] . The dominant contributions to the mass of ν e then come from the one-loop (3) l then changes the masses according to
where ∆M 
where we have used A 2413 ∼ M G and assumed
M 2 ≪ 1. Now, requiring m νe < ∼ 10eV and µ νe > ∼ 10 −11 µ B , gives from Eq. (4.6) and Eq. (4.7) the constraints
Also, demanding the mass-mixing matrix for ϕ to have a positive determinant gives the We have shown that this does not produce any conflict with know bounds of proton lifetime.
In fact, if a discrete symmetry is imposed on the model, one can obtain chains with the unification scale as low as ∼ 10 1 (6) , e.g., stands for six consecutive entries of unity. In the 560, the symbol widehatdue , e.g., stands for the VEV of the color singlet combination of the components with one index having the quantum numbers ofd, another of u and another of e. GeV as a function of n 3l ≡ log 10
GeV with M Y = M 3l , 
